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A large variety of biominerals based on different cations (e.g. iron, manganese, 34 calcium) and anions (e.g. carbonates, oxides, phosphates) are deposited by different 35 microorganisms (1). One of these is manganese oxide (2-5), which is deposited by the 36 oxidation of soluble Mn II . Microbial Mn II oxidation received attention with the discovery of 37 polymetallic, manganese-rich biogenic deep sea nodules, which have been shown to harbor 38 both manganese-oxidizing, and manganese-reducing organisms (6). While it is suggested that 39 such nodules could potentially be mined for rare earth elements, and that the associated 40 metal-active organisms utilized in biotechnology of metal recovery (2, 3, 5-8), it remains 41 unclear in many cases why organisms show such metal-oxidizing and -reducing activities. In 42 3 the case of metal-reducing organisms, it has been shown that metabolic energy can be gained 43 under anaerobic conditions from using metal oxides (i.e. manganese, iron, or others) as an 44 alternative terminal electron acceptor (9-11). The potential evolutionary advantages of 45 metal-oxidation, and in particular manganese oxidation meanwhile is not well understood (2, 46
7, 8). 47
Some metals can be oxidized by microbes and act as an inorganic energy source for 48 so-called chemolithotrophic growth, as in the case of iron lithotrophy (12). Chemolithotrophy 49 on manganese has been suggested but little experimental evidence has been found so far (2). 50
Two other common hypotheses for manganese oxidation are that the resulting manganese 51 oxides (MnOX) can icrease accessibility of organic nutrients or protect microbes from 52 potentially toxic compounds (13). The validity of the latter hypothesis remains to be tested 53 conclusively. MnOX has been shown to react with complex organic (i.e. humic) substances 54 (14), but it is not clear if the resulting organic products form such reactions are utilized by 55 microbes. It is suggested that certain fungi employ ligand-stabilized Mn III to oxidize 56 recalcitrant litter (15), but these studies were not performed with single (defined) 57 carbon/energy sources. Similarly, the former hypothesis regarding the protective potential of 58
MnOX remains unproven to date (2, 7). It has been suggested that MnOX precipitates can act 59 as strong sorbents of heavy metals, hence mitigating the toxic effects of such metals on 60 microorganisms, but this has yet to be tested in a biological context (2). Taken together, the 61 biological significance of microbial manganese oxidation remains a paradox, as no benefits 62 have been demonstrated for this costly metabolic process 63
In recent years, Roseobacter sp. AzwK-3b emerged as a model organism to study the 64 generation of MnOX (16). AzwK-3b is a bacterium that shows significant manganese oxidizing 65 activity in vitro when grown in a complex (rich) K-Medium (16). This activity was shown to be 66 mediated by a secreted exoenzyme -a haem type oxidase -that can catalyze the generation 67 of superoxides from NADH and oxygen. The resulting superoxide can in turn facilitate the Mn , we found that AzwK-3b is able to grow in the 133 presence of up to 1 mM nitrite ( Figure 2B ). Increasing the nitrite concentration still affected 134 both the growth rate and maximal culture density (based on A600), but this effect was much 135 lower compared to the manganese-free cultures (Figure 2 ). To overcome any potential 136 confounding effects of MnOX precipitation on spectroscopic culture density measurements, 137
we additionally quantified acetate consumption by ion chromatography as a proxy for 138 growth. As expected, manganese-free cultures with 0.25 mM (or higher) nitrite showed only 139 insignificant decrease in acetate, while the Mn II supplemented cultures showed acetate 140 consumption in accordance with the A600 measurements (see Figure S3 ). These findings 141 confirm that Mn II supplementation allows AzwK-3b to withstand nitrite inhibition. 142
143
Nitrite-inhibition relief is a community function that depends on culture size and that is 144 mediated by dispersed, granular MnOx precipitates. It has been shown that MnOX 145 precipitation by AzwK-3b is mediated by secreted exoenzymes (17). It is not known, however, 146 whether the process of MnOX precipitation occurs primarily on individual cell surfaces, or 147 whether it is a population level process with the secreted enzymes conferring to the notion 148 of a "community commodity" (32-35). We hypothesized that these two different scenarios 149 could be distinguished by analyzing population size effects on MnOX mediated mitigation of 150 nitrite-inhibition. In particular, we designed an experiment in which cultures pre-grown 151 without Mn II are subsequently sub-cultured into media with Mn II and nitrite, using different 152 inoculum size ( Figure S4 ). We argue that in the case of MnOX precipitation being a process 153 confined to individual cells, there should be no effect of inoculation size. 154
We found that manganese mediated mitigation of nitrite inhibition was dependent on 155 inoculum size (Figure 3) . A pre-culture was grown without nitrite and manganese, and from 156 this, inocula were generated at two different time points within the first third of the 157 exponential phase (labelled IT1 and IT2 in Figure S4 ). When these inocula were subjected to 158 nitrite in the main-culture, the earlier, low-density inoculum IT1 was inhibited by nitrite 159 regardless of the presence or absence of Mn II (Figure 3 A,B) , while manganese-mediated 160 mitigation of nitrite inhibition was clearly evident for the larger, high-density inoculum IT2 161 (Figure 3 C,D) . In the IT1 cultures half of the acetate was unused at 0.25 mM nitrite, and 162 gradually more acetate resided with increasing nitrite concentration ( Figure S5 ). In the IT27 cultures with Mn II supplementation, however, acetate was completely removed at all nitrite 164 levels below 2.5 mM and only 25 -50 % of acetate remained at 5 -10 mM nitrite. In the 165 control samples (no inoculation) there was no change in acetate concentration ruling out any 166 cross-activity with manganese. 167
Rather than a true population size effect, these observed inocula effects could be due 168 to cells from the Mn-free, early-phase pre-cultures not having 'turned on' expression of 169 exoenzymes required for MnOX precipitation. To rule out this possibility, we performed an 170 additional experiment, where the pre-cultures were already grown with 200 µM Mn determining the amount of precipitated MnOX that were added into the nitrite assay, we can 214 still estimate that the condition with highest MnOX levels contained at least 1-2 mM (with 215 respect to Mn). This presents a stoichiometric minimum 2-fold excess over nitrite (at 0.5 mM), 216 hence enough for complete nitrite oxidation. The fact that this reaction didn't proceed further 217 than an oxidation of ~0.18 mM nitrite (i.e. ~35 %) indicates that either the biogenic MnOX was 218 only partially reactive or that its reactivity reduced over time (as known to be the case for 219 synthetic manganese oxides (2, 13)). Sample pH remained relatively stable with the biogenic 220
MnOX, while samples without manganese and with synthetic MnO2 reached a pH of 6.9 and 221 6.8, respectively at the end of the experiment (from an initial pH of 8.2 of the medium). This 222 acidification of the control samples might be due to carbon dioxide dissolution, which might 223 have been buffered in the samples with biogenic MnOX due to proton consumption during 224 9 nitrite oxidation, or due to co-precipitated organic solutes (polymers, proteins) from the cell-225 free supernatant. 226
These findings confirmed that the biogenic MnOX were capable to oxidize nitrite at 227 physiological conditions, and prompted us to test MnOX mediated nitrite oxidation directly in 228
AzwK-3b cultures. We found some evidence for decreasing nitrite concentration in different 229 cultures tested, but this was not significant ( Figure figure captions), the fresh medium used for dilution was also supplemented with NADH or 393 hydrogen peroxide at different concentrations. NADH or hydrogen peroxide were added as 394 last additives (to prevent reaction e.g. between hydrogen peroxide and Mn II before 395 inoculation) and the completed fresh medium was used immediately. 396
397
Growth curve fitting and analysis. Growth curves were analyzed using the R-package Grofit 398 (23) applying the Gompertz growth model (23, 24). Plate reader data (measurements every 399 10 minutes) were de-noised by averaging over 6 measurements (i.e. hourly averages). The 400 maximum A600 reached was read directly from the data. For curve fitting, all data later than 401 the maximum A600, i.e. decaying growth phase, were removed. Then, the data was read 402 backwards in time to find the first reading that was below 5 % of the maximum A600. This data- Table 1 Table 1 . Detailed composition of the defined AzwK-3b growth medium, ASWm. The medium 731 was developed starting out from artificial seawater (ASW) (22) with extra trace metals taken 732 from (9, 81) and a 5-vitamin solution identified starting out from Wolfe's vitamin mixture (82).
